
Science of the Total Environment 735 (2020) 139509

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Validated shipping noise maps of the Northeast Atlantic
Adrian Farcas a,⁎, Claire F. Powell a, Kate L. Brookes b, Nathan D. Merchant a

a Centre for Environment, Fisheries & Aquaculture Science (Cefas), Lowestoft, Suffolk, UK
b Marine Scotland Science, Aberdeen, Aberdeenshire, UK
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Shipping noise is globally pervasive and
impacts marine species which rely on
sound.

• To manage ship noise pollution effec-
tively, ground-truthed noise maps are
needed.

• We present the first such validated
maps of shipping noise at large scale.

• Predictions were within ±3 dB for 93%
of measurements in the range 125 Hz–
5 kHz.

• Our results give confidence that ship
noise mapping can be used to guide
management.
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Underwater noise pollution from shipping is globally pervasive and has a range of adverse impacts on species
which depend on sound, includingmarinemammals, sea turtles, fish, andmany invertebrates. International bod-
ies including United Nations agencies, the Arctic Council, and the European Union are beginning to address the
issue at the policy level, but better evidence is needed tomap levels of underwater noise pollution and the poten-
tial benefits of management measures such as ship-quieting regulations. Crucially, corroboration of noise maps
with fieldmeasurements is presently lacking,which undermines confidence in their application to policymaking.
We construct a computational model of underwater noise levels in the Northeast Atlantic using Automatic Iden-
tification System (AIS) ship-tracking data, wind speed data, and other environmental parameters, and validate
this model against field measurements at 4 sites in the North Sea. Overall, model predictions of the median
sound level were within ±3 dB for 93% of the field measurements for one-third octave frequency bands in the
range 125Hz–5 kHz. Areaswithmedian noise levels exceeding 120 dB re 1 μPa and 20 dB abovemodelled natural
background soundwere predicted to occur in theDover Strait, theNorwegian trench, near to severalmajor ports,
and around offshore infrastructure sites in the North Sea. To our knowledge, this is the first study to quantita-
tively validate large-scale modelled noise maps with field measurements at multiple sites. Further validation
will increase confidence in deeper waters and during winter months. Our results highlight areas where anthro-
pogenic pressure from shipping noise is greatest andwill inform themanagement of shipping noise in theNorth-
east Atlantic. The good agreement between measurements and model gives confidence that models of shipping
noise can be used to inform future policy and management decisions to address shipping noise pollution.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the Open Government License
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1. Introduction

Shipping is the primary vehicle of global trade (~80% by volume;
UNCTAD, 2017), and has risen significantly as a consequence of global-
isation, with seaborne trade growing fourfold by tonnage since 1970
(UNCTAD, 2017). Measurements from the Northeast Pacific indicate
that this rise in global shipping has led to a correlated rise in underwater
noise pollution (Frisk, 2012), with noise levels in that area increasing by
up to 10 dB between the 1960s and the 1990s at low (b300Hz) frequen-
cies (Andrew et al., 2002). While such long-term records are lacking
elsewhere (including in the Northeast Atlantic), it is expected that
growth in motorised shipping since its advent in the 19th century has
led to corresponding rises in underwater noise pollution in other parts
of the global ocean.

Exposure to underwater noise pollution from shipping is known to
cause a range of detrimental effects inmarinemammals, fish, and inver-
tebrates, including heightened physiological stress levels (Rolland et al.,
2012; Debusschere et al., 2016; Wysocki et al., 2006), disruption of be-
haviour (Blair et al., 2016; Nowacek et al., 2007; Weilgart, 2018;
Wisniewska et al., 2018), and masking of acoustic communication
(Parks et al., 2007; Putland et al., 2018; Stanley et al., 2017).

This scientific evidence of harm tomarine life and the rising levels of
shipping noise pollution have led to growing recognition of the issue at
the policy level. Intergovernmental bodies including the United Nations
(UN, 2018), the EuropeanUnion (EuropeanCommission, 2017), and the
Arctic Council (PAME, 2019) have enacted legislation or begun initia-
tives to address noise pollution from shipping (and other human activ-
ities). Importantly, the International Maritime Organisation (IMO) has
also issued advisory guidance on quieting individual ships (IMO,
2014). Some jurisdictions have now enacted ship speed reductionmea-
sures to reduce noise in the seasonal habitat of endangered species (Joy
et al., 2019).

To assess the risk that shipping noise pollution poses to marine life
and to evaluate the efficacy of management measures to reduce this
risk, reliable predictions of the levels and distribution of shipping
noise pollution are needed (Cefas, 2015). Modelled large-scale maps
of shipping noise have been produced for several regions (e.g.
Aulanier et al., 2017; Erbe et al., 2012; Sertlek et al., 2019). However,
these have yet to be validated using in situ field measurements, which
limits confidence in their applicability to management.

Some limited validation has been done for singlemeasurement loca-
tions, e.g. both Bassett et al. (2012) and Aulanier et al. (2016) compared
shipping noisemaps tomeasurements at a single site, although the ship
noise levels used in themodels were themselves derived from the same
measurements (i.e. not a generic ship noisemodel),which limits the ap-
plicability of the results to other sites or ship source models. Joy et al.
(2019) provided a comparison of measurements with model at a single
site, but only a night-time subset of data were presented. In the grey lit-
erature, one study has tested a generic ship sourcemodel against single-
sitemeasurements (MacGillivray et al., 2014) but the level of agreement
was not well quantified, and another single-site study showed poor
agreement (AQUO, 2015). Consequently, the ability of these previous
models to make valid predictions at any site other than the measure-
ment location remains unproven.Until this knowledge gap is addressed,
decisionmakers can have little confidence in the use of ship noisemap-
ping for marine spatial planning.

The aim of this study was to carry out a multi-site validation of a
large-scale shipping noise map constructed using a generic shipping
noise model. We present monthly and annual shipping noise maps of
the Northeast Atlantic for 2017, validated against field measurements
at four sites in the North Sea. The agreement of the model with mea-
surements is quantified, enabling an assessment of the confidence
with which shipping noise models can predict in situ noise levels.
These results will inform the development of ship noise management
in this region, and help to guide ongoing efforts to improve themanage-
ment of noise pollution from shipping in other regions.

2. Methods

Ocean noise maps are produced using data on noise sources (acous-
tic source spectrum level and location at each time increment) and the
sound propagation properties of the environment. At low frequencies
(b1 kHz), ocean noise is typically dominated by shipping and wind
(Wenz, 1962). To produce maps of this sound field, these components
are modelled separately [Fig. 1(a-d)] and then combined [Fig. 1(e–f)].
The predictions can then be validated against field measurements.

2.1. Source modelling

Severalmodels are available to estimate ship source levels, including
models which characterise noise from individual vessels according to
ship speed and length (Breeding Jr et al., 1996; Ross, 1976). However,
subsequent measurements have not supported these predictions
(McKenna et al., 2013; Simard et al., 2016; Wales and Heitmeyer,
2002). An alternative to individual-based models is an ensemble ship
source model, which predicts the average spectral source level of the
entire fleet. Such an ensemble model, developed by Wales and
Heitmeyer (2002), has subsequently been further corroborated with
fieldmeasurements in theNorth Sea (Jansen andDe Jong, 2017), includ-
ing an extrapolation from the original maximum frequency of 1.2 kHz
up to 16 kHz. This model was selected for the ship source levels, for
third-octave bands centred between 63 Hz and 5 kHz.

Vessel positionswere derived from satellite Automatic Identification
System (sAIS) data for theNorth East Atlantic area (48°N - 62°N latitude
and 16°W – 9°E) for 2017. The dataset contained ~120,000 unique ves-
sels, with positional data transmitted at short but irregular intervals
(~5–30 min). These data were interpolated to 10-min resolution, yield-
ing 52,560 vessel position frames for 2017. Stationary vessels and ves-
sels with apparent speeds exceeding 15 m s−1 (~29 knots) were
excluded from the dataset.

Soundpressure levels ofwind-generated noiseweremodelled based
on Reeder et al. (2011). Wind speed data were sourced from the
ECMWF ERA-Interim global atmospheric reanalysis (ECMWF, 2019),
with a spatial resolution of 80 km and temporal resolution of 6 h, and in-
terpolated to the resolution of themodel grid (5 or 1.3 km, and 10min).
The Reeder et al. (2011) wind noise model is based on a dataset from a
topographically isolated basin in the Atlantic Oceanwhich is believed to
be free from significant levels of shipping noise.

2.2. Propagation modelling

Sound propagation was modelled using the energy-flux method
(Weston, 1971), a computationally efficient range-dependent model
which depends on bathymetry, sound speed, seabed reflectivity and
acoustic frequency. Use of other models (e.g. parabolic equation) was
investigated, but found to be computationally infeasible due to the
large number of source/receiver transects required to produce the
maps, and agreement between the chosen model and the depth-
averaged predictions of a parabolic equation method (RAM; Collins,
1993) was found to be good, although both model predictions can be
strongly dependent on the parametrisation of the seabed and thus re-
quire optimisation of the seabed acoustic properties (Farcas et al.,
2016). Bathymetry datawas extracted fromEMODNETwith 7.5″ resolu-
tion, temperature and salinity data from the Copernicus Atlantic
European North West Shelf Ocean Physics Analysis and Forecast prod-
uct (0.016° × 0.016°, 33 depth levels, daily mean values) (Copernicus,
2019). Seabed acoustic properties were derived from the Hamilton
model (Hamilton, 1987) using EMODNET seabed sediment data.

To improve computational efficiency,model domains can be gridded
at different spatial resolutions to reflect spatial differences in model



Fig. 1. Construction of total noise and ship noise excess maps. (a) sAIS ship-tracking data frame; (b) Wind speed data frame; (c) Ship noise frame corresponding to (a); (d) Wind noise
frame corresponding to (b); (e) Total noise frame, sum of (c) and (d); (f) Excess level of ship noise above wind, (e) minus (d). Such frames were computed at 10-min intervals for
calendar year 2017.
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uncertainty (Trigg et al., 2018). The shipping noise model used spatial
grids at two resolutions: a lower resolution grid with latitude-
longitude spacing of 3′ x 5′ (approximately 5 × 5 km) for coverage of
the entire domain, as well as a high-resolution grid of 0.75′ × 1.25′ (ap-
proximately 1.3 × 1.3 km) for selective coverage of smaller areas near
the coast and in areas of high shipping density, since this significantly
improved accuracy at relatively low computational cost (see Supple-
mentary Material for further details).

To improve computational efficiency, the bathymetry-dependent
component of propagation loss was pre-computed and stored for each
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spatial node of the computational grid, up to a range of 100 km. The ac-
tual values of the propagation loss also depend on the water column
properties, which are both time- and frequency-dependent. These
were calculated subsequently when the shipping sources were inte-
grated into the model (see below).

2.3. Integration of propagation and source modelling components

Each vessel positional frame (Fig. 1a) was combined with the ship
source model and applied to the propagation loss matrix for the corre-
sponding month's water column properties, yielding an instantaneous
map of the ship noise layer (Fig. 1c). Thewind noise layer (Fig. 1d) com-
puted fromwind speed data (Fig. 1b) was then either added to the ship
noise layer to produce a prediction of the total noise field (Fig. 1e) or
subtracted from the total noise layer to produce a prediction of the ex-
cess level of the ship noise abovewind (Fig. 1f; see Section 2.4 for details
of this calculation). These frames were computed at 10-min intervals
(yielding 52,560 frames for the year) for each one-third octave fre-
quency band centred in the interval 63 Hz–5 kHz, and then analysed
statistically to determine the median and P90 (90th percentile) statis-
tics for each month and for the year overall. These metrics were chosen
since percentiles of sound levels aremore robust than the average (RMS
level), which is skewed by unrepresentative high-amplitude events
(Merchant et al., 2016). The median gives an indication of centroid
levels, while P90 is more strongly influenced by transient events
(Mennitt et al., 2014). In the Northeast Atlantic, where there is a high
prevalence of shipping traffic, we postulate that monthly P90 will gen-
erally be dominated by shipping noise rather than to biological sources
at the acoustic frequencies modelled.

2.4. Calculation of the broadband ship noise excess

The broadband ship noise excess was calculated by integrating the
exceedance of total noise (shipping noise plus wind noise) above
wind noise in each of the modelled 1/3-octave frequency bands, and
then applying a correction scaled to the spectral width of the noise,
which adjusts the minimum value of the broadband excess to zero if
Fig. 2. Example comparison ofmodelled andmeasurednoise levels atmonitoring site 3 (56.2578
(d) 1 kHz (e) 2 kHz (f) 4 kHz. Modelled and measured P50 and P90 values are given in units o
no shipping noise is present at any frequency (Eq. (1)). This correction
is needed since the minimum value of the ship noise excess would oth-
erwise exceed zero and would scale with the frequency range over
which it is calculated. The broadband ship noise excess, SPLexcess, is
then given by

SPLexcess ¼
Xi¼N

i¼1

SPLtotal;i−SPLwind;i
� �" #

−10 log10N ð1Þ

where N is the number of 1/3-octave frequency bands, SPLtotal, i is the
total modelled sound pressure level from shipping and wind in the ith
frequency band, and SPLwind, i is the modelled sound pressure level of
wind only in the ith frequency band.

2.5. Validation

The model predictions were ground-truthed and optimised using
concurrent field measurements from four monitoring stations off the
east coast of Scotland, deployed as part of the Marine Scotland East
Coast Marine Mammal Acoustic Study (ECOMMAS). Recordings were
made using seafloor-mounted autonomous acoustic recorders (Wildlife
Acoustics SM2M) between April and August 2017, sampling at 96 kHz
on a duty cycle of 10 min on, 10 min off. The frequency dependence of
the modelled seabed bottom loss parameter was calibrated using
these measurements, yielding a correction factor at each frequency.
This correction was applied uniformly throughout the model domain.
Further technical details on the validation procedure and field deploy-
ments are provided in the Supplementary Material.

3. Results

3.1. Validation and calibration of shipping noise model

The validation of the model with measurements was carried out
using monthly statistics of noise levels in each frequency band (Fig. 2).
The initial parametrisation of the propagation loss model used standard
94°N, 2.499312° E) duringApril 2017 for six frequencies: (a) 125Hz (b) 250Hz (c) 500Hz
f dB re 1 μPa.
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literature values for the acoustic properties of thewater column attenu-
ation (Thorp, 1967), and seabed sediments (speed of sound:
1650 m s−1; density: 1.9 g cm−3; attenuation: 0.8 dB/wavelength)
taken as representative of a sandy seabed (Jensen et al., 2011). This
model gave good agreement (RMS error b 3 dB) for the frequency
bands in the range 315 Hz–3.15 kHz (see Fig. S2), but produced signifi-
cant discrepancies from the observed noise levels in the lower fre-
quency bands between 63 Hz and 250 Hz, with only ~50% of monthly
predictions being within ±3 dB of the measurements, for both median
(P50) and the P90 statistics. These low-frequency errors were likely
due to the strong dependence of low-frequency propagation loss in
shallow-water waveguides on the acoustic properties of the seabed.
For the water depths involved (typically tens of metres), the acoustic
propagation regime over tens of kilometres will generally have
progressed beyond themulti-mode region (where propagation loss de-
pends more on bathymetry) and into single mode propagation, where
the influence of seabed properties is paramount. These sediment atten-
uation properties can display a non-linear relationship with frequency
(Farcas et al., 2016).

In the energy-flux model used, the seabed properties (sound speed,
density and attenuation) are incorporated into a single model parame-
ter, the seabed bottom loss (Weston, 1971). To improve the accuracy
of model predictions across the frequency bands, we performed a
Fig. 3. Broadband (63–4000Hz) total noise and ship noise excessmaps for 2017 (a) Annual P50
ship noise excess; colour scale shows ship noise excess in units of dB; (c) areas above 120dB re 1
noise excess above 20 dB for 50% of the year (P50) and 10% of the year (P90).
calibration of the seabed bottom loss by introducing a unique (i.e. appli-
cable at all locations) frequency-dependent correction factor (see Sup-
plementary Material for details). After this optimisation, the accuracy
of model predictions (within ±3 dB of the observations) increased to
82% for P50 and 74% for P90, across all frequency bands, and to 93%
for P50 and 78% for P90 across the 125 Hz – 5 kHz interval (excluding
1.25 kHz due to measurement error, see Supplementary Material). The
mean errorswere also b3 dB in this frequency range. This improved sea-
bed bottom loss model was selected for the final outputs shown below.

3.2. Broadband total noise and ship noise excess

Noise maps were produced for the extent of the available sAIS data
for 2017 in the Northeast Atlantic. The annual median broadband
(63–4000 Hz) noise level (P50; Fig. 3a) exceeded 120 dB re 1 μPa in
parts of the English Channel and Norwegian Trench, and in localised
areas of high shipping density around major ports (e.g. Aberdeen,
Cork, Hamburg, Rotterdam), offshore installations in the northern
North Sea, and at the confluence of shipping lanes and in narrow ship-
ping channels (Fig. 3c). The P90 metric showed that much larger areas
in these regions had broadband noise levels exceeding 120 dB re 1 μPa
for 10% of the year (Fig. 3c). While this study does not attempt a risk as-
sessment for different species in the region, a level of 120 dB re 1 μPa
total noise; colour scale shows sound pressure level in units of dB re 1 μPa; (b) annual P50
μPa broadband SPL for 50% of the year (P50) and 10% of the year (P90); (d) areaswith ship
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was considered a useful threshold sincemany studies haveobservedbe-
havioural responses to noise in marine mammals at or above this level
(Richardson et al., 1995; Richardson and Würsig, 1997) and it has
been used as a threshold for disturbance to cetaceans in ship noise ex-
posure assessments (e.g. Hatch et al., 2012; McQuinn et al., 2011).

The annual median ship noise excess (Fig. 3b) surpassed 20 dB in
similar locations to the 120 dB re 1 μPa broadband threshold (Fig. 3c;
Fig. 3d), albeit over much larger areas, and the P90 of this metric ex-
tended across large swathes of the domain, with only parts of the
North Sea and deep-water Atlantic unaffected. These maps subtract
the wind noise from the total noise level predicted for shipping and
wind (see Fig. 1).
3.3. Frequency variability of ship noise excess

Noise from shipping and wind varies with frequency, according to
both the frequency characteristics of the sources and the frequency de-
pendence of underwater sound propagation. To examine frequency var-
iation in ship noise excess, noise maps at a range of one-third-octave
centre frequencies were produced (Fig. 4). They demonstrate an overall
decrease in ship noise exceedance as frequency increases from 63 Hz to
4 kHz (Fig. 4). For reference, under the simplifying assumption of sound
propagation via spherical spreading, a ship noise excess of 20 dB at a
particular frequency corresponds to a 10-fold reduction in communica-
tion range at that frequency, and 40 dB corresponds to a 100-fold reduc-
tion (see Hermannsen et al., 2014; Møhl, 1981).
3.4. Temporal variability in ship noise excess

To assess seasonal variability, broadband ship noise excess maps
were produced for selected months of data (Fig. 5). The maps demon-
strate a summer peak in ship noise excess levels, with the highest levels
inMay and July (Fig. 5c, Fig. 5d) and the lowest levels in January andNo-
vember (Fig. 5a, Fig. 5f).
Fig. 4. Annual median ship noise excess (ship noise levels above wind) modelled at var
4. Discussion

4.1. Significance of the results

The final noise model produced predictions of the median sound
level which were within ±3 dB in the frequency range 125 Hz–5 kHz
for 93% of the field measurements (excluding 1.25 kHz band due to
measurement error, see SupplementaryMaterial), and hadmean errors
of b3 dB in this frequency range (Table 1; SupplementaryMaterial). This
is a highly significant result since, to our knowledge, this is the first
study to demonstrate and quantify the validity of ship noise mapping
predictions with in situ measurements at multiple sites. The extent of
agreement gives confidence that the model predictions are applicable
to environments similar to where the field measurements were taken.
Further validation in other environments (e.g. further offshore and in
deeper/oceanic waters) would give further confidence in the model
predictions throughout the domain modelled.

Comparison of an sAIS map (Fig. 1a) with the corresponding predic-
tions of underwater noise (Fig. 1c) illustrates how noise levels differ
from the shipping distribution based on the local acoustic propagation
characteristics, particularly at low frequencies (Fig. 4). In the North
Sea, predicted noise levels were generally lower in the southern North
Sea than would be expected based solely on the sAIS shipping data,
and higher in the northern part. This is due to the shallower bathymetry
in the southern North Sea, which causes sound to reflect off the seabed
more often, increasing the amount of acoustic energy lost as sound
waves propagate. As frequency increases, propagation loss due to ab-
sorption in the water column also increases, meaning high frequency
sound does not propagate as far as low frequency sound. Consequently,
the shipping noise maps at higher frequencies more closely resemble
the shipping distribution than those at lower frequencies [e.g. compare
Fig. 4a and Fig. 4f to Fig. 1a], since the effect of bathymetry on acoustic
propagation is less pronounced. These differences highlight why it is
necessary to carry out acoustic modelling to inform management of
ship noise pollution, since the results do not necessarily correspond to
what might be expected based solely on the shipping distribution.
ious frequencies: (a) 63 Hz (b) 125 Hz (c) 250 Hz (d) 500 Hz (e) 1 kHz (f) 4 kHz.



Fig. 5.Median broadband ship noise excess (ship noise levels above wind) for selected months in 2017. (a) January (b) March (c) May (d) July (e) September (f) November.
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The highest noise levels predicted, both overall and as the exceed-
ance above wind noise, were in the English Channel and along the UK
east coast, particularly off the coasts of East Anglia, Humberside and
Tyneside, and Aberdeen (Fig. 3a). High noise levels were also predicted
in the northern North Sea, and the clustering of hotspots (Fig. 3a) sug-
gests this is linked to oil and gas infrastructure. As noted above, the
deeperwaters in the northern North Sea allow the noise from this activ-
ity to propagate further than in the southern North Sea.

The maps of ship noise exceedance above wind noise (Fig. 3b)
yielded a very similar distribution of noise hotspots to themaps of over-
all noise levels (Fig. 3a). However, it is this exceedance of natural back-
ground sound which is important to consider when assessing the
Table 1
Discrepancy between model and field measurements for median (P50) SPL for all the 1/3
octave frequency bands and validation datasets. Negative values denote underestimation
in SPL by the model. A map of the monitoring locations is provided in the Supplementary
Material.

Frequency (Hz) April
Site 2

April
Site 3

April
Site 4

May
Site 2

May
Site 3

May
Site 4

August
Site 1

August
Site 2

63 1.9 −7.9 3.4 4.2 −10.8 −2.6 6.0 −6.1
80 0.8 −6.4 1.4 3.7 −8.7 −3.7 2.3 −4.3
100 0.7 −4.7 1.2 2.8 −5.8 −2.6 1.6 −3.6
125 0.8 −2.5 2.1 2.5 −2.7 −0.7 1.2 −2.5
158 0.6 −1.3 1.5 2.4 −0.7 0.2 0.4 −2.0
200 0.6 −0.6 0.8 2.0 0.3 0.8 0.0 −1.2
250 1.1 1.1 2.0 2.8 2.3 2.5 0.9 −0.2
316 0.7 1.6 2.3 2.3 3.1 2.8 1.5 −0.1
400 −1.0 1.0 1.5 0.5 2.6 1.9 1.1 −1.4
500 −1.9 0.6 1.1 −0.2 2.5 1.7 1.1 −1.8
630 −2.7 0.1 0.8 −1.2 1.9 1.2 0.9 −2.1
800 −3.9 −0.7 −0.3 −2.3 1.2 0.1 0.1 −2.6
1000 −1.9 1.4 1.1 0.6 3.1 1.6 2.0 −1.0
1250 1.7 3.6 3.5 3.6 6.2 4.1 4.0 2.9
1580 −0.8 2.9 1.9 1.5 4.7 2.6 4.6 2.3
2000 −2.2 1.6 0.6 0.4 3.2 0.9 2.2 0.8
2500 −3.2 0.3 −1.2 −0.6 2.3 −0.7 1.0 −0.2
3160 −1.8 1.4 −0.6 0.8 3.4 −0.1 1.0 0.7
4000 −1.5 0.7 −1.2 1.1 3.5 −0.6 0.6 0.6
5000 −2.4 −0.8 −2.6 0.5 1.8 −2.3 0.1 −1.0
potential impact of underwater noise on marine life (Clark et al., 2009;
Hatch et al., 2012), since anthropogenic noise below this level would
generally be masked by the natural soundscape. This approach could
be further tailored to particular species when the hearing sensitivity is
known, by filtering the noise maps to reflect the audible sound above
natural background (Erbe et al., 2014). By combining such pressure
maps with the distribution or habitat of the target species, areas
where noise management measures may have the greatest benefit can
be identified (Merchant et al., 2018).

Predicted noise levels decreased with increasing frequency (Fig. 4).
This was expected due to the higher source levels of ship noise at low
frequencies (Wales and Heitmeyer, 2002), and poorer sound propaga-
tion at high frequencies. This also indicates that the broadband ship
noise excess levels (Fig. 3) were dominated by the contribution of the
63-Hz frequency band.

Higher ship noise excess levels were observed during the summer,
with the highest levels in May and July (Fig. 5c, Fig. 5d) and the lowest
levels in January and November (Fig. 5a, Fig. 5f). This may be due to the
summer months having both lower levels of wind noise and higher
levels of shipping (possibly related the betterweather conditions), lead-
ing to a compound effect on the exceedance of ship noise above wind
noise. Another variable is the degree of sound propagation loss, which
varies with the sound speed profile in the water column and seabed. If
propagation loss is lower, ship noise will propagate further, while
wind noise is more localised due to the planar geometry of the sound
source. However, sound propagation loss in a shallowwater waveguide
is lower in cold water, and so this effect would be expected to increase
ship noise excess in winter (the temperature minimum is in March).
This was not observed, indicating that this water temperature effect
may be less significant than the variability in levels of shipping activity
and wind noise generation. However, the sound speed profile may
also have influenced this result, and we were unable to test this.

4.2. Caveats

Although the model showed very good agreement with the data
from the four field monitoring sites assessed, all of these sites were
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near to the coast and in one area of the North Sea (see Fig. S1). To in-
crease confidence in the model predictions in deeper waters and in
other parts of the domain, further field measurements are needed.

The degree of agreement with the measurements suggests that sAIS-
tracked ships dominated the soundscape at the sites where the model
was validated, which would be consistent with a previous study in the
area (Merchant et al., 2014). However, in some parts of the domain this
may not be the case, and other sources may dominate, such as smaller
vessels not carrying operational AIS transponders (Hermannsen et al.,
2019), other anthropogenic sources, or natural processes. This would
limit the accuracy of modelling based on AIS data and wind speed, al-
though this study did not encounter such discrepancies in the available
data. Other potential sources of error in the model include the accuracy
of the ship and wind source models, the sound propagation model, and
error in the measurements (see below).

The field monitoring data showed contamination from flow-
generated noise, which is caused by turbulence around the hydrophone
and does not propagate in the environment. This is likely to have been
one factor which limited the agreement of the model with measure-
ments below 125 Hz (see Supplementary Material), where the RMS er-
rors exceeded 3 dB (up to 5.3 dB at 63 Hz) but remained substantially
lower than for the initial model. Full details of RMS errors in themedian
predictions for all validation datasets and frequency bands are provided
in the Supplementary Material (Table S2). A further issue with the field
recordingswas the presence of a resonance in the recordingswhichwas
clearly evident in the 1.25 kHz 1/3-octave band, and thought to be
caused by standing waves within the air-filled cylindrical body of the
sound recorders. This frequency bandwas excluded from the validation
process for this reason.

While the propagation model used is relatively simple compared to
more sophisticated approaches such as the parabolic equation method
(Collins, 1993), this was necessary to make the mapping computation-
ally feasible. However, this approach inevitably had some limitations.
Aspects of sound propagation which could not be explicitly included
in themodel include the sea surface roughness, whichmay affect prop-
agation at higher frequencies, and the receiver and source depths (since
the model averages sound level across depth). These limitations are
likely to explain some of the discrepancy between the model predic-
tions and the measurements.

The ship source model used (Wales and Heitmeyer, 2002) is an
ensemble model, which describes the source characteristics of an
‘average’ vessel, and does not allow for the prediction of individual
ship signatures. While this model was found to be more accurate
than other models (e.g. Breeding Jr et al., 1996; Ross, 1976), this ap-
proach limits the ability to model changes in individual ship signa-
tures, for example to reflect prospective management measures to
quieten certain classes of vessels (Merchant, 2019) or impose
speed restrictions to reduce noise levels (MacGillivray et al., 2019).
Work to develop more accurate individual-based ship noise models
will be needed to assess the potential benefits of ship noise manage-
ment measures with greater confidence.
4.3. Implications for monitoring and management

The results give confidence that sAIS-basedmodelling of underwater
noise pollution from shipping are sufficiently accurate to be used in
policymaking, provided they are validated with suitable field monitor-
ing data. This is a promising result for the ongoing monitoring and
modelling efforts to quantify levels of shipping noise in various regional
seas. In Europe, EU-funded joint monitoring programmes for shipping
noise mapping are underway, both in the North Sea (the JOMOPANS
project) and the Northeast Atlantic (the JONAS project). Similar work
is ongoing in Canadian waters (Aulanier et al., 2017; Erbe et al., 2012),
particularly in the approaches to Vancouver harbour (Cominelli et al.,
2018; Joy et al., 2019). More detailed work in future may allow more
detailed assessment of sources in uncertainty and improvements to
model accuracy and precision.

On the policy front, these results support the use of noise mapping
approaches in the implementation of legislation and policy designed
to monitor and assess levels of anthropogenic noise pollution, such as
the EU Marine Strategy Framework Directive (MSFD), the NOAA
Ocean Noise Strategy, and the Canadian Ocean Protection Plan. The
maps produced here will also help to inform the policymaking process
in the Northeast Atlantic, through international cooperation under the
OSPAR Convention.

5. Conclusion

This study demonstrates that shipping noise maps based on sAIS
ship-tracking data can make valid predictions of noise levels suitable
for policymaking and management. The results highlight how sound
propagation characteristics of the environment affect levels of shipping
noise pollution, and show that relying solely on shipping density with-
out using acoustic modelling will not generally be effective. The maps
produced here allow ship noise pollution to be incorporated intomarine
spatial planning, and will inform the development of international ini-
tiatives to address underwater noise pollution from shipping. Ulti-
mately, shipping noise maps can be used to assess the risk of impact
on acoustically sensitive species and to guide management decisions
on ship quieting measures, ship speed restrictions, and spatiotemporal
restrictions on shipping.
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